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ABSTRACT

With the use of two stable, highly ionized argon plasma sources, over 200 spectral
lines have been measured and identified. Of these, 70 or more have been used for
transition probabilities after they were found to be single, unperturbed argon ion (Arll)
lines. Each line has been tested for abnormal half-widths; those with widths greater than
20 percent over normal are not used. Excitation temperatures from 1 to 8 ev (kT.) have
been used: (1) photographically with a 1.5-meter focal length spectrograph and
(2) photoelectrically with a 0.5-meter spectrometer. As many as 33 observations have
been tabulated for the stronger lines. All lines have upper state energy values between 19
and 24.5 ev and lie between 3500 and 5100-A. The absolute intensity of the 4589 A
Arll line produced a density which agreed well with calculated local thermodynamic
equilibrium conditions at P = 340 pHg and kT, = 1 ev. All runs used at least four lines,
with known transition probabilities, and as many as 12 in determining temperatures from
which unknown transition probabilities were calculated. The tables and figures include
wavelengths, energy states, estimated uncertainty, statistical weights, transition
probabilities, and number of observations. Examples of the Maxwell-Boltzmann
distributions are shown.
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| Intensity

k Boltzmann constant

N Number density, cm-3
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Q Partition function

T Temperature, transmittance
Te Electron temperature

A Wavelength

A Seidel function
SUBSCRIPTS
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SECTION |
INTRODUCTION

During the past ten years there has been increased interest in noble gas spectra in
the aerospace industry. Average values of plasma properties, such as temperatures,
density, and heat transfer, are no longer adequate for the updated design and testing of
space vehicles. Therefore, the ability to determine precisely the flow characteristics of
high-temperature gases has become increasingly important.

Because of its availability, ease of ionization, and relatively low cost, argon (Ar)
gas is a natural choice for thermodynamic research of gas properties at high temperatures
(Refs. 1 through 14). Argon has -been used extensively in the studies of
magnetohydrodynamic (MHD) flows, chemical synthesis, wind tunnel plasmas, and
simulated supersonic flight. The intensities of the argon neutral (Arl) or ionized Arll
spectral lines can be used to calculate flow temperatures and particle densities when
correlated with their respective transition probabilities.

The purpose of this investigation was to improve the accuracy of measuring
excitation temperatures by spectroscopic methods through more consistent transition
probabilities of singly ionized argon (Arll) spectral lines.

Table I gives the relative (with an attempt to bring them close to absolute)
transition probabilities of Arll lines spread over 5 ev in upper state energy (E,). These
results should increase the precision over those previously available. The added number of
spectral lines should give greater freedom in matching line intensities. Also, when
impurities overlap otherwise useful lines, other choices can be made. This in turn provides
more accurate radiative heat transfer data as well as better estimates of electrical and
thermal conductivity.

Heretofore, several authors have measured or calculated transition probabilities for
the strongest of the Arll lines under moderate temperatures and pressures with
disagreements as high as a factor of 100. Choosing 12 single lines of nearly equal
intensities and comparing the Maxwell-Boltzmann temperature plots from previously
available transition probabilitics measured by several authors (Refs. 6, 10, 11, 12, and 13)
clearly suggest that the 1963 measurements by Olsen (Ref. 6) are the best to use for a
linear, consistent set,

Because of the problems encountered in calculating the exact coupling parameters
for argon, as shown by the spread in the A, g values in Fig. 1 for Garstang, and to gain a
greater confidence in the base values, it was advisable to measure the absolute value of at
least one Arll line. This was done for the 4589 A line using the temperature determined
from Olsen’s other transition probabilities and a carefully calibrated system. The 4589 A
line was chosen because its singularly high E, bares extra weight in projecting the
Boltzmann plot to unknown gA at higher E, (Fig. 1).
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TABLE |
Arll TRANSITION PROBABILITIES
. Ayt. =AAIA, , Yunus, Number
LA Ey, om] Eyue 8107 sec] percent” | Su 1077 sec”] ipeterminations |
(8. 06573 X 10° ev)
354558 | 187589 62 Bw| 68 s 6| aon 3
%8844 | 18509392 | 295 5.5 5 10| ss00 3
M99 | 16108.6 9.97| 2% a| 02 1
w862 | 11496 |1997| 1m 4 7.32 1
5294 | 199506 | B0]| 8.5 %5 |4 naw 6
a14s52 | 19663398 | 2438| 59 6| 358 1
1639 | 19662278 | 2438 160 4] en 1
WLe | vare (a8 on 8 |2 182 6
as6al | 182806 |25 18 8 |al 6.4 6
a3 | ms=ee71 (1961 on 4 0.4 1
417931 | 1815%.04 | 251 | 9.7 20 ‘6| 5oz 2
999,93 | 1668393 | 2438 | 10.88 W 6| %2 2
£oLss | lzBw |25 La 4 4.9 1
Q6| BB | 270 N8 12 (4| anzs 3
26| 199558 2.8  10.66 12 [2] 23 3
o316 | 18Pl 0 1.6, L8 6 | 6] w98 7
@13 | 2N A% | 2.4 9 |4 9.9 4
45562 | 1828.06 259 | 156 8 |a 64 2
Q! sns (2| 2 0 4] 308 2
4.5 | lizzia7a 2135 | 958 10 |4 3832 4
428290 | 158420.05 06| Lo 7 |2 .98 4
1.5 | 1586871 19.61 | 5.5 9 |4 2200 5
£32.06 | BT (1930 L 8 |2 2,88 2
B4811 | 1572849 .41 152 7 18| 10816 8
@28 | e (193 2m 6 |2 402 2
258,53 | 1m0eB 28, 1L® 4 7.9% .1
o | /mmus as| 2n 10 |6 | 1386 2
067.87  19019%.80  2.58 | 65.66 0 |2 nLR 4
8M76 1BeB 04| 125 2 |4, 5020 4
@136 , 1553204 | 1926 | 248 W |4 9,92 4
Q2.9 | 1891558 | 280 | 991 %z |2 ma , 2
a8 | 1wl |(2m | 46 9 |4 | 1BM 4
&75.9% | 16109031 19.97 | L89 7 |2 .78 4
0879 | 1000.66 |19.97 | 05 0 |4 1.00 2
085,08 | 19010684 | 2.57 | 5000 15 | 4| 20000 8
40009 | 15535208 |19.26 | L% 10 |4 7.68 5
440102 | 155007 | 19.2 | 37 0 (6] 190 5
209 | 1535204 [19.2 | 03 0 |4 1.48 2
M0l | 15767A0 1955 | 670 12 |6 4 5
480,18 15816871 9.60 | 53 5 |4 a3 5
431,02 ) 15504407 .22 L3 2 |6 822 5
uno | a0 (2417 8906 - & |8 | ™. 2
cags2 | 15000 [2417 | 4m 6| 29 . 1
W | s (un !l a0 15 :4 | 10880 2
48056 | 155040  |19.2 0l? n 6 L@ 4
s | vanM las  sae |9 2| W% 4
¥8.8 | 1739433 | 250 , 13.34 n '6| soo 5
M98.55 | 1966338 2438 | 2% 20 |6 | 17.00 3
50295 | 181505.04 | 2251 [ 889 %5 |6]| s53.34 4
53057 | w24 a3 | oy 4 1.48 1
45,51 | 1B9L8 270 2% 4! 08 1
53761 | 1945000 2417 | 19.88 6 | m.zs 1
589 | 180.L8 | L2 4 448 1
| 445,08 | 16024035 19.87 40 0 |4 163 5
s47.78 | 2B 259 371 5 |4 ] 1484 2
5648 | 1825214 2.6 216 0 12| e 2
457939 | 161090.31 9.9 | 69 3 2| nwu 3
4589.93 | 1700188 21 | 9.9 36 | su.52 32
&%.77 | 122aa7d 235 | L3 N 14 5.8 2
40960 | 17053L20 (214 | 1232 2 |8 | %®se 10
437,25 | 17040188 an| 13k n s 810 4
45794 | 15970746 | 19.80 | &7 4 |2 | B P
72691 | 15BMR (w76 | 1.8 2 |[4]| BR 5
e | 1B (2% | os a0 |4 .2 2
o | wziaTa a3 | Ls2 2 |4 6.08 2
45,93 | 15535204 | 19.26 | 630 4 |4 | B2 5
476489 | 160240.35 19.67 | 48 0 4] n4a 2
4306,07 | 155044, 07 vz | 854 5 |6 | sl 10
484790 | 155709.02 19.30 | 833 n |2 | 1666 8
486596 | 1815%5.04 | 2251 | 16.06 2 |6+ 936 2
7990 | 18@L20 [19.68 | 1021 B |5 6.2 5
288,29 | 19M50.00 [2407 | 3.76 5 {6 2256 2
489,06 | 150746 (1980 | La ! 12 |2 242 2
H0475 | 1783L2¢ (2114 , 080 ‘' 2 |8 6,40 2
am.24 | 155204 [19.26 | L60 a |4 640 u
265,12 | 15¢39432  |19.76 | 4@ 15 |4 e 2
97216 | 15579.02 1930 | 0.84 15 |2 168 2
5009.35 | 155044,07 02| 18 3 16| 1004 B
5062.07 | 15535204 | 19.26 | 206 n_ |4 8.24 5

"AAIA percent = estimated uncertainty calcutated by dividing the mean deviation by the mean value



log Al/gA
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TABLE Il

PRESENT Arll TRANSITION PROBABILITIES

COMPARED WITH OTHER DATA

Aygx 107 sec”1

tat2{12) 3 {10) ] 1

AA | Tidwen S"Exact“ mzsxepn "°g’:;‘ % | matilskyf13) o g;{f,':,',,:’
Calculaled il Coupling

N | 2.5 870 | 6 266 .9 628
328,62 | 1.8 as1 | 4185 1.74
881 | 8.5 B |1s0?! 2600 9.4 12,80
an | 67 11.509 8.1
B | 53 61 | 851 6.21
5719.39°° 6.97 6&2 | r.4N 0.10 3.91
580.93 | 9.9 6.4 8.0 10.00 1
4m.60 | 1232 9.0 8.0 10.70 10.45
815 | 13 0647 0.81 0.68
65794 | 677 1.5 | 6950 on
ar6a.89 | 486 715 | s.af 26.0 7.00 LB
4306.07 | 8.54 ne | 187 1310 7.88 6 46
87w | 83 89 | o.55M 8.10 1.5
819 | 102 89% | 6597 &)
o324 | L0 Lol | e 24 L5
5003 | te | 13 | 1707 1.39 2.46
50207 | 206 | 208 | 2.207 2.81 3.5
*Oisen!® 1959~ **Underlined wavelengths indicate six lines used fo set absolute value
g::::tﬂ :gg ***Calculated value.
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The Olsen transition probabilities of the six lines underlined in Table II gave a
very smooth straight line with the present measured intensities. Using these six lines and
the new calculated value for 4589 A, which agrees with Garstang (Ref. 11) and Griem
(Ref. 13), it was felt that an adequate base has been chosen for the rest of the 70 Arll
lines listed in Table I.

SECTION 11
EXPERIMENTAL PROCEDURE

2.1 APPARATUS

Two steady-state, highly ionized Ar plasma sources have been used to produce the
Arll spectra.

2.1.1 Low Pressure, Magnetically Confined Ar Plasma; Hollow Cathode

The system is shown in Fig. 2, and a detached drawing of the anode-cathode
region is given in Fig. 3. This is a hollow tantalum cathode discharge using Ar as the
ionizing medium (Ref. 1). The vacuum chamber is 30 cm long and 20 cm in diameter
made of stainless steel. The pumping system comprises a Freon® baffled 6-in. oil
diffusion pump with a net ‘speed of 400 liters/sec. This is backed by a Freon baffled
50-ft3 /min roughing and finishing pump. The baffles minimized the oil backstreaming into
the discharge chamber and helped establish the 10-7 torr base pressure. Tall lines were
emitted during the first 20 seconds of each run due to cathode sputtering; consequently,
temperature runs were made only after this stabilization period was complete.

r Magnet Pole Face

Anode
Plexiglass
Instrumentation

Cathode

1.5-in.
Valves -

Quartz-‘_.\ii'ndow
6-in. Valve

Freon-Cooled
5 N Baffle
fMechanical -2%5.;_,/’ e 6-in. Oil
Pump | Diffusion
S Pump

Fig. 2 Magnetically Confined Argon Plasma Source

4
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Discharge Chamber—;
Magnet Pole Face— — Magnet
- \ PoleFace

5 / Feedthrough with X
Slip-Fit Y 4 \
Feedthrough /— CoRpt el \\\
with O-Ring sl
Seal — / i ~—Flare Fitting \/

Gas Inlet - f
~ LTantalum //

Cathode

"_\_ Anode— |

3
SANNN

l—Hzo Inlet and
i Outlet for Cooling

Fig. 3 Anode-Cathode Detail

The Ar supplying the discharge was bled from a high pressure, bone-dry Ar bottle
through the hollow cathode. At a pressure of from 300 to 400 pHg the discharge became
thermionically emitting under the influence of the longitudinal magnetic field. The
pressure then was reduced to the 104 torr operating range.

2.1.2 High Enthalpy, MHD Ar Arc Accelerator

The second system used as a plasma source of Arll is shown in Fig. 4. This 4- x
4- x 8-ft vacuum chamber houses a magnetohydrodynamic (MHD) arc accelerator which
utilizes its self-induced magnetic field to accelerate a plasma. A 1600-cfm booster
pump system was capable of maintaining a base pressure of 1 to 10 uHg and
typical run pressures of 300 u for an Ar mass flow rate of 0.15 gm/sec. Three 32-in.
diffusion pumps were capable of maintaining a 5-u pressure with the same Ar mass flow
rate of 0.15 gm/sec.

' Recording Electronics
. ¥

Fig. 4 High Enthalpy MHD Arc Chamber
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Anode Ring

Water Line

Fig. 5 Arc at 600 amp and 34.5 v

Steady-state arc power capabilities are more than 400 kw provided by eight.
commercial welding units. The highest current used during the temperature investigation
was 1400 amp at 75 v or nearly one-fourth the maximum capability. The arc operating
under moderate conditions is shown in Fig. 5.

2.1.3 Spectroscopic
a. A l.5-meter focal length Jarrell-Ash spectrograph (Fig. 4).

b. A 0.5-meter focal length Jarrell-Ash Ebert spectrometer and table
mount with x-y-z manual control.

¢. A Jarrell-Ash recording microdensitometer,

d. Optics; i.e., lens, beam splitters, mirrors, photomultipliers, glass filters,
camera, and standard tungsten-strip lamp.

e. An alignment laser and power meter.

The spectrograph and spectrometer systems were designed to give maximum
response at 4000 A with reasonably flat response up to 5000 A. The gratings had 30,000
lines/in. and were normally used in the first order except in the case where it was used to
identify the strongly overlapped region of 3500-3600 A at higher resolution using higher
orders. In the second source (MHD) the 3545 and 3588-A Arll lines were occasionally
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overlapped and seldom could be used. However, in the first source (hollow. cathode) these
lines were well separated from nearby lines and were used to a distinct advantage since

these two lines had the highest upper state energy values for which the transition
probabilities (Ref. 2) were known at that time.

2.2 CALIBRATION

Photomultiplier calibration was established by direct comparison with a
tungsten-strip lamp at the wavelengths of the Arll lines in question. This secondary

standard lamp was calibrated by comparison with an NBS standard lamp. Three-standard
lamp calibration curves are shown in Fig. 6.

550
530
510

oo}

Wavelenglp. A, nm

470

6v, Test Lamp at 5 amp
]

01 02 03 04 C5> 36 OF CB 09 10

E Jwist-nm-me2

Wavelength, A, nm

8

6 v, Tast Lamp at 6.4 amp

-8 2

0 390 50 70 9.0 110 10 150 17.0 19.¢
E L wist-nr-=m&

Wavelength, A, nm
3

6v, Test Lamp at 7.5 amp

10 ZD ] ﬁ 50
E, pwst-nm-mm?
Fig. 6 Calibration of Secondary Standard Lamp, 6v
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The photographic plates were then calibrated at three to four lamp currents using
the optical setup in which the Arll spectra were to be taken. Figure 7 shows the Ar
spectrum with three calibration continua produced in this way. The plates must go
through an additional calibration because of the logarithmic sensitivity of the emulsions.
This is called the “three point” H&D curve calibration, modified by the Seidel function
which extends the linear portion of the typical “S” curve to linearize a greater range of
transmittance values. The Seidel formula is

o)

ey
o (=
D
O

Fig. 7 Spectral Plate with Calibration (Continuum) and Arll Lines
at Various Axial Positions

where T is the transmittance. From the three calibration points (continuum portions of
Fig. 7) at each wavelength the A or Seidel function is plotted against E in Fig. 8. It
should be noted that two consecutive plates taken from the same carton may have
different calibration slopes. This indicates that each plate should be calibrated instead of
depending on a single calibration for all emulsions of the same sensitivity class and batch
number.

2.3 METHOD

The intensity, I, of the light emitted from a homogeneous, optically thin gas at
wavelength A, ¢, produced by a transition between an upper energy level, E;, and a lower
level, Eg, is given by

I1=C Auf Nu/)‘uf (2)
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100

1 rrrT

Angstroms, A

10

E wlst-nm—mm2

0 1 | ‘ | | . 1

-L5 -1.0 -05 0 0.5 1.0 1.5 2.0
Seidel Function

Fig. 8 Seidel Function versus Energy for Plate Calibration

where C is a experimentally determined constant, A, is the Einstein emission coefficient

or the number of transitions per second from state u to 2, and N, is the population of
state u.

" The temperature enters the formula through its role of populating the upper level
depicted by the Maxwell-Boltzmann law

Bu —E, /kT
e

. 3)

N, is the population of the ground state and go is the degeneracy or statistical weight of
the ground state.

Nu = No
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Equation (2) becomes

C1Bu Aull  —Eu/kT
I = _‘\uﬂ e 4)
where CN,
Ci =
8o
Transcribing to logarithmic form,
1Ay 0.434 I,
log1o0 AL logio Ct -~ —7— (5)

Introducing a value for k of 0.8624 x 10-4 ev/deg,

T=- T 6

where T is in °K, gA =g, A,Q, and E is E, in electron volts (ev). The value of T is most
readily obtained from a plot of log IN\/gA versus E as far as the relative gA for each
spectral line is known. The slope of the line is — (5,040/T), and the value of C will not
change the slope. As for the computer, since the logarithms normally have a base e, the
slope is — (11,600/T).

A typical Boltzmann plot by computer is shown in Fig. 9. The six solid points
were used as standard lines. They correspond to the six lines underlined in Table II from
which the absolute values of all lines in Table I were calculated.

SECTION I}
RESULTS

More than 90 percent of all the observed spectral lines were Arll. Occasional Arl
and Arlll lines were seen, depending on arc current, magnetic field, mass flow rate, and
field of view within the arc column. Molecular bands were orders of magnitude weaker
than Arll, if they were seen at all.

Operating conditions for the hollow cathode arc were pressures of 104 tormr,
magnetic fields of 580 to 1600 gauss, and temperatures of 2 to 8 ev (kT,) determined by
radial inversion of the 1/2-in.-diameter flow field (Ref. 2).

The MHD arc shown in Fig. 4 operated at pressures of 10-! to 10-3 torr, Ar mass
flow rates 0.05 to 0.15 gm/sec, electron densities of 1014 ¢m-3, and temperatures of 1 to
2.5 ev (KT,).

Steady-state operation was limited to currents less than 1400 amp at 10! torr,
although runs of 20 sec duration were made at 2500 amp and 70 v. No temperature runs
were made at these higher currents.

10
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8.00
Arll
6.4 Temperature 12, 400°K
§ Ta- 11,600

Slope

< 4.80
=2 « Standard Lines
= i
=
= 320t
1.60 |
19.00 19.80 20.60 21.40 22.20 23.00 23.80 24.60
Eu, ev

Fig. 9 Typical Boltzmann Plot Showing Six Points Used as Standard Lines

According to the straight Boltzmann plots, both sources exhibited local
thermodynamic equilibrium wherever these measurements were taken. Two spectral lines,
4579 and 4589 A, were observed with and without a reflecting mirror behind the arc as a
test for self-absorption. Both lines showed less than five percent reduction in energy
according to calculated intensity. Line profiles were observed with the 1.5-m spectrograph
with a reduced slit to minimize instrumental broadening; asymmetric or abnormally
broadened lines were not used in this project.
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